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Efforts  to  localize  and  measure  glycolysis  have  'been  very  un- 
satisfactory,  especially since  the  theory  of  Cohnheim  I  concerning 
glucose destruction by the combined action of extracts of muscle and 
pancreas  has  been shattered by  Levene and  MeyerY  Levene and 
Meyer showed that the sugar was not really oxidized in such mix- 
tures,  but converted into  other  forms which  fail  to  reduce  copper. 
Hydrolysis of the resulting fluid restores the glucose with its original 
power  of  reduction.  Nevertheless,  Levene  and  Meyer  admitted 
that  glycolysis  could  be  brought  about  by  leucocytes,  and  many 
others have shown that if blood be incubated for several hours the 
amount of  glucose remaining is  distinctly less  than  in  the  freshly 
shed  blood.  This  oxidation  of  glucose  in  the  blood  is  probably, 
however, of very slight physiological importance. 
It is known that glycosuria appears after the injection of certain 
materials into the body, and it was thought desirable to determine, if 
it could be demonstrated by using the ordinary blood glycolysis as a 
test, whether these substances have any effect upon the action of a 
sugar-splitting enzyme.  It was realized that other explanations of 
their action  are  generally accepted and  that  their  application to  a 
somewhat artificial process of glycolysis outside of the body might 
be  criticized.  Nevertheless,  the  experiments  were  made  to  learn 
whether, in any degree, they could act to inhibit a glycolytic process. 
1 Cohnheim, 0., Ztschr. f. physiol.  Chem.,  19o4, xlii, 4o1 ; 19o6, xlvii, 253. 
2 Levene,  P. A., and Meyer, G. M., Your. Biol.  Chem.,  1911, ix, 97. 
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EXPERIMENTAL. 
Study  of Blood  Glycolysis.  Effects of  Thyroid  and  Adrenal Ex- 
tracts  and  Phlorhizin  on Glycolysis  in  Vitro. 
Method. 
Dogs were used in all the experiments.  The animals were ethe- 
rized and either a  carotid or  femoral artery exposed.  A  cannula, 
with rubber tube attached, was inserted in the artery and the blood 
drawn  directly  into  a  sterile  bottle  containing  glass  beads.  The 
blood was  defibrinated and 20  cc.  portions  pipetted off and placed 
in sterile 15o cc. Erlenmeyer flasks which were plugged with sterile 
cotton.  The  amount  of  reducing  substance  in  the  blood  drawn 
was determined immediately; in most of the experiments duplicate 
portions  were used.  Table  III  shows  the difference  found  in  the 
duplicate  portions  of  the  same  blood.  The  other  portions,  after 
the substances being studied for their effect on glycolysis had been 
added, were placed in the incubator at 380 C. for varying periods of 
time and then the reducing substance determined.  For comparison 
of the rate of glycolysis an untreated portion of the same blood was, 
in each case, incubated along with the treated portions. 
In all  the  determinations the  protein  was  precipitated  with  col- 
loidal  ferric hydroxide and sodium sulphate  3 and the reducing sub- 
stance found by the method of Bertrand.  4 
Inasmuch as only comparative values were sought rather than an 
accurate determination of the normal blood sugar level of the dog, 
no effort was  made to avoid the effects of excitement, struggling, 
and ether.  The figures, therefore, are somewhat higher than those 
of Shaffer,  ~ Embden, Liithje, and Liefmann,  6 who eliminated these 
factors as completely as possible.  Shaffer's results varied between 
o.o2  and o.o65  per cent, Embden, Liithje, and Liefmann's between 
o.o57 and o.o88 per cent.  Macleod  ~ gives the figures of several ob- 
servers  which vary between o.o86  and  o.2o  7  per  cent.  His  own 
vary between o.o79 and o.2o 5 per cent. 
a Rona, P.,  and Michaelis, L., Biochem. Ztschr., 19o8, vii, 329.  Macleod, J.  J. 
R.,  Diabetes, London, I913,  28. 
4 Bertrand,  G., Bull. de  la Soc. chlm.  de Paris, 19o6, xxxv,  I285. 
Shaffer,  P. A., ]our. Biol.  Chem.,  1914, xix, 297. 
6 Embden,  G.,  Liithje,  It.,  and  Liefmann, E.,  Beitr.  z.  chem.  Phys.  u.  Path., 
19o7, x, 265. 
7 Maeleod,  loc. cit.; ]our. Biol.  Chem.,  I913,  xv, 497. George  M.  Mackenzie.  759 
In all the experiments sterile conditions were maintained as far as 
possible.  Cultures were taken from the incubated blood in the first 
few experiments.  A  few of these were contaminated but most of 
them were sterile.  To determine the effect of contamination upon 
the rate of disappearance of reducing substance, duplicate portions 
of the same blood were incubated for the same period of time, one 
under  aseptic  conditions,  the  other  without  sterile  glassware  and 
without any effort to avoid contamination.  The results are shown 
in Table I.  The loss  of reducing substance is tabulated here,  and 
in other tables that follow, as percentile glycolysis, which expresses 
the ratio of the amount of sugar lost during incubation to the amount 
originally  present; i.e., 
percentile glycolysis. 
sugar  lost  per  IOO  cc. 
sugar  originally present  per  IOO  cc. 
TABLE  I. 
Comparative  Values for  Blood  Glycolysis  under  Sterile  and  Non-Sterile 
Conditions. 
Experi-  Glucose before  Condition of blood dur-  Duration of  Glucose after  Percentile 
ment,  ncubation,  ing incubation,  i  incubation,  incubation,  glycolysis. 
I 
II 
III 
~er ccng 
0.I30 
o.I3o 
O.I00 
Sterile 
Non-sterile 
Sterile 
Non-sterile 
Sterile 
Non-sterile 
h~*S. 
3 
3 
3 
3 
I  3 
3 
#er cent 
0.073 
0.076 
0.075 
0.073 
0.074 
0.075 
43.8 
41.5 
42.3 
43.8 
26.0 
25.0 
From this it appears that the difference in the amount of glycoly- 
sis taking place in sterile and contaminated blood during a period of 
three hours'  incubation is  within the limits  of experimental error, 
and,  therefore, that  failure to maintain sterile conditions probably 
has little or no effect on the amount of glycolysis occurring within 
a  period of three hours. 
In  order  to  determine  how  much  variation  there  might  be  in  the  rate  of 
glycolysis in several portions of the same blood taken at the same time and kept 
under the same conditions, three 2o ce. portions of the same blood were incubated 
in separate flasks and the percentage of sugar then determined.  The results are 
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TABLE  II. 
Variations in  the Amount  of Glycolysis in Several Portions  of the Same  Blood. 
Experi-  Glucose before  Portions.  Duration of  Glucose after  Percentile 
ment.  incubation,  incubation,  incubation,  glyeolysis, 
per cent  hrs.  per cent 
A  3  0.069  31.o 
I  0.IOO  3  0.074  26.0 
3  0.073  27.0 
A  3  o.o7o  46.1 
II  o.13o  3  o.073  43.8 
L  3  0.075  42.3 
This indicates that different portions of the same blood under iden- 
tical conditions show very slight variation in the rate of glycolysis, 
and this  factor, therefore, does not explain irregularities in the re- 
sults  after  adrenalin,  thyroid  extract,  and  phlorhizin  have  been 
added to the blood. 
Table  III  is given to  show the amount of experimental  error by the methods 
used.  The greatest difference found  was  about 3  per cent. 
TABLE  III. 
Percentage of Blood  Sugar in  Two  Portions  of the Same  Blood. 
I Portions.  z  2 
Percentage of blood '--.4.  o.-~io  -  0.099 
sugar  ..........  I  23  I o.112  I o.o96 
__  3  4  .  7  8 
o.174  j o.176  O,lOO  o.175  [0.I3I  10.I33 
o.172  I o.175  i O.lOl  o.173  o.I29  o.135 
Effect of Fresh Thyroid Extract upon Blood Glycolysis. 
The results of experimental work upon the relation of the thyroid 
secretion  to  carbohydrate  metabolism  are  somewhat  conflicting. 
Macleod  s  after reviewing the  work that  has  been  done  concludes 
that  the  thyroid glands,  in  so  far  as  carbohydrate metabolism  is 
concerned, have no direct influence whatever.  The  results  which 
some observers  9 have obtained, tending to show that the thyroid fur- 
nishes a substance which lowers the assimilation limit for dextrose, 
he ascribes to parathyroid effect. 
Clinical observations on the blood sugar, glycosuria, and dextrose 
assimilation limit in cases of hyperthyroidism and hypothyroidism 
s Macleod,  Diabetes,  London,  1913,  lO4. 
9 Eppinger, H., Falta,  W.,  and  Rudinger,  C., Wien. klin.  Wchnschr.,  19o8,  xxi, 
241 ; Ztschr. f. klln. Med.,  19o8,  lxvi,  I ;  19o9,  lxvii, 38o. George M.  Mackenzie.  761 
seem to indicate, however, that the gland does have some effect upon 
carbohydrate metabolism.  When the thyroid is supplying the blood 
with  abnormally large  quantities  of  its  secretion, the  blood sugar 
rises,  glycosuria often appears,  and the dextrose assimilation limit 
is lowered.  The reverse is the case in myxedema.  If the thyroid 
secretion  could be  shown to  contain  an  antiferment  it  might  act 
simply by preventing the sugar-splitting ferments of the blood and 
tissues  from  oxidizing  the  carbohydrate.  This  would  result  in 
hyperglycemia, glycosuria, and lowered tolerance for glucose.  The 
following four experiments were done to  determine whether such 
an antiferment could be extracted from the gland. 
Thyroid  extract was prepared by  extirpating the  entire gland of  a  dog,  and 
grinding  it  up  in  a  sterile  mortar  with  sterile  normal  salt  solution  or  sterile 
Ringer solution, care being taken to  exclude the parathyroids in so  far as possi- 
ble.  The  amount  of  extract used,  whether  5  or  I0  cc.,  represented  one  entire 
gland.  The  extract was  added  to  the blood  taken  from  another  animal and  the 
mixture  incubated.  Controls  with  the  amounts  of  Ringer  solution  or  saline 
used  in  the  extract were  incubated at  the  same time.  For  comparison one  por- 
tion  of  untreated  blood  was  incubated  for  the  same  period.  The  results  are 
shown  in  Table  IV. 
TABLE  IV. 
Experl-  .  .  •  Glucose Ij 
ment.  I ~u~:°o~::~ 
-  ZT , 
IX  0.098  i 
X  o.173 
XI  o.175 
XII  o.152 
Duration of  Blood  Percen- 
Mixtures incubated,  incubation  sugar after  tile gly: 
....  " incubation,  colysis. 
I  hrs.  per cent 
Blood 20 ce. +  io cc. fresh thyroid extract  3  0.060  I  39.7 
..........  Ringer solution  3  '  o.o54  44.8 
"  "  "  untreated 
......  +  5 cc. fresh thyroid extract 
..........  Ringer solution 
"  "  "  untreated 
......  +  5 cc. fresh thyroid extract 
............  Ringer solution 
"  "  "  untreated 
......  +  5 ce. fresh thyroid extract 
............  0.9  per  cent  sodium 
chloride 
Blood 20 cc. untreated 
3  0.080 
3 ~  0.o96 
31/~  0.I06 
31/~  0.119 
21~  0.132 
21/~  0.I38 
21/~  o.145 
3  0.094 
3  0.o88 
3  0-I03 
I8.4 
44.5 
38.7 
31.I 
24.6 
21.1 
17. I 
38.z 
42.1 
32.2 
From these results one cannot conclude that the thyroid secretion 
contains any substance which materially affects the rate of glycolysis 
in  vitro.  In  each  case  there  is  apparently  some  acceleration  of 762  Experimental  Study  of  Blood  Glycolysis. 
glycolysis both in the flask containing the extract and  in the flask 
containing the Ringer or physiological salt solution.  In Experiment 
IX the acceleration is well marked, in the others,  slight.  Possibly 
this  is  due  simply  to  the  dilution,  because  in  the  experiment  in 
which the  glycolysis was  most  marked  the  dilution  was  greatest. 
The  experiments do not,  of  course, settle the question of whether 
or  not  the  thyroid  gland  furnishes an  antiferment which  inhibits 
glycolysis; it  is  possible  that  the  gland  contains  such  a  substance 
but that  it  is  not extracted by the  methods used.  To  the  extent, 
however,  that  the  conditions  of  glycolysis in  vitro  are  similar  to 
glycolysis in  circulating  blood,  they furnish  an  argument  against 
the hypothesis that the thyroid gland affects carbohydrate metabol- 
ism  by  inhibiting  ferment action. 
Effect  of .Adrenalin  on Blood  Glycolysis. 
Blum, 1° fourteen years ago, showed that subcutaneous or intrave- 
nous  administration  of  adrenal  extract  causes  glycosuria.  Since 
then  this  work  has  been  abundantly  confirmed,  and  it  has  been 
shown that  adrenalin  regularly  causes  a  hyperglycemia.  Experi- 
ments of  Pollak  11  showed that  adrenalin produces glycosuria even 
after the resection of the splanchnic nerve, while the work of Claude 
Bernard  ~2  and  Eckhard  demonstrated  that,  after  such  resection, 
puncture of the floor of the fourth ventricle is not followed by gly- 
cosuria.  The adrenalin is,  therefore, thought to act by stimulating 
the peripheral  sympathetic nerve endings in  the  liver.  Moreover, 
it causes the hyperglycemia even in animals whose livers have been 
rendered glycogen-free by starvation.  This is thought to be due to 
the production of sugar from protein.  Despite these explanations 
of the action of adrenalin in the production of hyperglycemia and 
glycosuria, it seemed to be worth while to determine whether or not 
the adrenal secretions contain a  substance acting as an antiferment. 
With this possibility in mind the following experiments were done. 
10 Blum, F., Deutsch.  Arch. f. klin. Med.,  19Ol, lxxi, I46. 
11 Pollak, L., Arch. f. exper. Path. u. Pharmakol.,  19o9, Ixi, 149. 
12 Bernard, C., Lemons  sur la physiologie et la pathologie du syst~me  nerveux, 
Paris, 1858. George M.  Mackenzie.  763 
Parke,  Davis and  Co.  adrenalin  was used.  Quantities varying from I  to 5  cc. 
were  added  to  20  cc.  portions  of  blood  and  the  mixtures  incubated  for varying 
periods.  The  sugar  content  of  the  blood  was  determined  immediately  after 
drawing the  blood,  and  in  the  incubated  portions  immediately  after  the  expira- 
tion  of  the  period  of  incubation.  A  portion  of  untreated  blood  was  also  incu- 
bated  for comparison.  The  results are  shown in Table V. 
TABLE  V. 
Experiment 
No. 
IX 
X 
XI 
XlII 
XIV 
XlV 
XlV 
XV 
Glucose 
Adrenalin  before  iocu-  incubation 
~:i,ooo.  bation,  at 380 C. 
c¢.  per cent 
5  0.098 
5  o.I73 
5  O.175 
5  O'152 
1  0. I00 
2  O. I00 
3  o.ioo 
2  o.I74 
I 
Duration of [  Glucose 
after incu-  Percentile 
bation,  glycolysis. 
hrs. 
3 
3~4 
21/6 
3 
2½ 
2½ 
2½ 
5 
per cent 
0.039  60.2 
0.102  41.O 
0.150  I4.2 
0.064  57.8 
O.049  51.0 
0.043  57,o 
o.o44  56.0 
o.124  28.8 
Glucose  in 
untreated 
blood after 
• ~cuta~'cn.  __ 
I  per cen~ 
o.o8o 
o.119 
o.145 
0.10  3 
0.037 
0.037, 
0.037 
O.120 
Percentile 
glycolysia 
in untreated 
blood, 
18.3 
3I.I 
17.1 
32.2 
63.O 
63.O 
63.O 
31.o 
In  Experiments  IX  and  XlII  the  blood  with  added  adrenalin 
showed a  definite acceleration of glycolysis as  compared with the 
untreated blood.  In Experiment IX about three times as much re- 
ducing substance disappeared from the adrenalin blood as from the 
untreated blood, in Experiment XlII a little less than twice as much. 
In the other experiments the difference in the percentile glycolysis 
between the treated and the untreated blood was so slight as to be 
almost within the limits of experimental error. 
The results are so irregular that one is not justified in concluding 
that  adrenalin contains  any substance  which either  accelerates or 
inhibits blood glycolysis.  The explanation of the apparent accelera- 
tion in two experiments is not clear. 
Effect off Phlorhizin  on Blood Glycolysis. 
It  is  believed that  the  glycosuria after administration of  phlo- 
rhlzin  13  results  from the power of phlorhizin to render the kidney 
more permeable to  sugar  in  the  blood,  thus  lowering the  thresh- 
old  for  sugar excretion.  There  is  usually a  hypoglycemia.  Be- 
yond the fact that phlorhizin renders the kidney more permeable to 
la For a  full discussion and  complete bibliography of phlorhizin, see Lusk, G., 
Ergcbn.  d.  Physiol.,  1912,  xii,  315. 764  Experimental  Study  of Blood Glycolysis. 
glucose, little is known of its action.  The possibility of its acting as 
an anti ferment suggested itself. 
Phlorhizin  in varying  amounts  was  dissolved in  sodium bicarbonate  solution, 
warm  Ringer  solution,  and  blood  serum,  and  then  added  to  blood  which  was 
incubated  for  varying  periods.  Dry  phlorhizin  also  was  added  to  blood  in  one 
experiment.  The  amount  of  reducing  substance  lost  during  the  incubation  of 
these mixtures  was  compared  with  the  loss  of  reducing  substance  from  an  un- 
treated  portion  of  the  same blood  taken  at  the  same time  and  incubated  for  the 
same  period.  The  results  are  shown  in  Table  VI. 
TABLE  VI. 
Experi- 
ment 
No. 
III 
IV 
Ph:°nr.hi-  I  Solvent. 
% 
I00 
I00 
I00  VIII 
IX  .50 
X  .5o 
XIII*  60 
XV  ioo 
XV  50 
J 
I  CC.carbonate2  per cent sodium bi- 
5 cc. 2 per cent sodium bi- 
carbonate 
5 ce. 2 per cent sodium bi- 
carbonate 
5 cc. 2 per cent sodium bi- 
carbonate 
5 cc. Ringer solution 
.5  **  ,,  ,, 
IO cc. serum 
Dry 
5 cc. Ringer solution 
Glucose  Dura-  tion of I Glucose  IPercen- 
incuba-bef°re Ii  ncuba- I after in-  tile gly- 
tion at  i cubation,  colysis. 
tion.  380 C. 
hrs.  I per cent 
2  L o.o77 
3  o.Io7 
2 M  0.09.5 
0.098  3  o.162 
0.I74  21/~  0.I32 
o.I52  3  0.185 
o.174  ~  o.142 
0.174  O.lO9 
IPercen- 
tile gly- 
colysis. 
24.5 
32.2 
29.1 
34.2 
39.6 
24.7 
26.5 
18.4 
37.o 
I  qlucose ] Vercen- 
tl~l~ndd  i  ile gly-  colysis 
In un- 
after in-  treated 
cubat!on,  blood. 
per cent 
0.083  18.6 
0.93  38.8 
O.lO2  32.4 
o.126  i2. 5 
0.80  18.3 
o.II9  31.2 
0.I03  32.2 
o.I20  31.0 
0.I20  3I.O 
* In  this  experiment  deduction  was made  for  the  amount of  sugar  contained 
in the  IO cc. of serum used to dissolve the phlorhizin.  The phlorhizin was partly 
in solution and  partly  in suspension. 
In  six  of  the  nine  experiments the  difference in  the  percentile 
glycolysis 'between the phlorhizin  and the untreated blood  was  not 
more than  7  per  cent.  This  difference is  too  slight  to  justify an 
inference  that  the  phlorhizin  affected  the  rate  of  glycolysis.  In 
Experiment VIII  there was  apparently an acceleration of  the gly- 
colytic  process;  in  Experiment  XV  apparently  a  retardation;  in 
Experiment  IX  instead  of  a  loss  during the period  of  incubation 
there  was  an  increase  of  39  per  cent  in  the  amount  of  reducing 
substance.  I  cannot  give  any  satisfactory  explanation  for  this. 
From  these  results  one  cannot  conclude  that  phlorhizin  has  any 
effect upon the rate of glycolysis. George M.  Mackenzie.  765 
CONCLUSIONS. 
I.  Blood glycolysis in vitro during a  period of three hours'  incu- 
bation proceeds at practically the same rate under  sterile conditions 
and  when no effort is  made  to prevent  contamination. 
2.  Fresh  thyroid  extract,  adrenalin,  and  phlorhizin  do  not  con- 
tain  any substances  which  have  a  constant  effect upon the  rate  of 
blood glycolysis outside of the body.  No evidence of the presence 
of an antiferment  was  found. 
It  is  a  great  pleasure  to  express  my  indebtedness  to  Professor 
W.  G.  MaeCallum,  under whose direction  this  work was done. 